6 Li(d,α) 4 He and 2 H(d,p) 3 H were measured in liquid Li. An ultrasonic target system was developed to form acoustic cavitation bubbles in liquid Li as an additional target. The material uncertainties of the target surface, which have been noted in solid target experiments, were completely rejected because contaminants could be removed in the liquid phase. The Li + d reaction was not affected by the cavitation process, and the derived screening potential was U s = 543 ± 38(sta.) +83 −153 (sys.) eV. This value can be explained by ionic Debye screening if liquid Li is regarded as a low-temperature dense plasma. The d + d reaction was found to be enhanced several times by Li cavitation, whereas the yield of the Li + d reaction remained constant; the ultrasonic effect depends strongly on the target conditions. The enhancement is caused not by Coulomb screening but by the high deuteron temperature in the cavity. The temperature was deduced from the energy dependence of the nuclear reaction enhancement rate as kT d = 590 ± 54(sta.) +676 −457 (sys.) eV. A kinematic analysis also yielded consistent results. Although no meaningful bubble fusion events were observed, extremely large reaction enhancements were occasionally observed.
I. INTRODUCTION
Low-energy nuclear reactions are of prime importance in nuclear syntheses and energy production in stars, where thermonuclear reactions occur under various plasma conditions [1] . In astrophysical plasmas, electrons screen the Coulomb barrier, enhancing the nuclear reaction rates by many orders of magnitude [2, 3] . Hence, both cross sections of bare nuclei and estimation of the enhancement due to electron screening under stellar plasma conditions are essential.
The cross section of the interaction between bare nuclei, σ 0 (E), is expressed using the astrophysical factor S(E) as
where E is the energy in the center-of-mass system. The Sommerfeld parameter η(E) is defined as η(E) = αZ 1 Z 2 μc 2 /2E, where α, Z 1,2 , μ, and c are the fine structure constant, atomic number of the interacting nuclei, reduced mass, and speed of light, respectively. Because of the Gamow factor, exp[−2πη(E)], the cross section drops steeply at energies far below the Coulomb barrier. When the screening effect is important, the cross section can be evaluated by introducing an effective energy difference U s , which is generally called the screening potential. The generalized cross section σ (E) can be expressed using the bare cross section σ 0 (E) as where U s is usually assumed to be an energy-independent constant. If the reaction enhancement is caused by only the electron screening effect, Eq. (2) should be replaced by σ (E) = S(E)E −1 exp[−2πη(E + U s )]. In a laboratory, the S factor is usually measured by an accelerator beam experiment. This factor is parameterized from an excitation function as a function of E at relatively high energies and is extrapolated to lower energies. On the other hand, systematic measurements are impossible in gas plasmas. In stable gas plasma in the International Thermonuclear Experimental Reactor (ITER), the planned achievable density is ∼10 14 cm −3 , which is much less than that in the Sun's core. Although a pinch plasma can provide densities of up to ∼10 20 cm −3 [4] , the confinement time is quite short. The electron screening effect has been experimentally studied in gas and solid materials for the past 20 years [5, 6] . In a solid metal environment, the density of conduction electrons is typically on the order of 10 22 cm −3 . This environment can be regarded as a type of a low-temperature, high-density plasma. To date, the problem is that the experimentally reported values of U s have been appreciably larger than theoretical predictions, especially in solid metals [7] [8] [9] [10] [11] . Furthermore, the screening potential depends strongly on the host material species. Although Raiola et al. proposed the application of the classical Debye screening model to quantum electrons in solid matter [9, 10] , the validity of this approach is still in dispute [11] . Thus, a deeper understanding of the role of the dense electron plasma is desirable.
In this paper, we describe the screening effect in a liquid metal Li environment. Using liquid metal as a host material is a natural extension in order to develop dense plasma environments for nuclear reactions for the following two reasons. First, large screening potentials were observed in metals at a low deuteron absorption ratio (low solubility), whereas the potentials were small in insulator materials, including gas targets. The correlation between the solubility and the screening potential implies that dynamic motion of the target enhances the reaction [7, 9] . Second, the experiments reported to date have been conducted in the solid and gas phases, and no measurements have been performed in the liquid phase. The mobility of target particles is much higher than that in the solid phase; thus, a larger screening potential can be expected. Furthermore, no information on positive ions in experiments with solid metals is available despite the importance of electrons.
In liquid metal Li, all Li atoms are dissolved into Li 1+ and e − . The number densities of both positive ions and electrons are much higher than those in gas plasmas. Thus, liquid metals are regarded as strongly coupled plasmas in which the electron gas is degenerate, and classical ions undergo long-range correlation forces. The average interaction energy between the particles is larger than the average kinetic energy. Therefore, not only electrons but also ions can provide a screening effect; the well-known ionic Debye screening [12] can be expected. When we assume a Yukawa-type screening potential, the screened Coulomb potential V s (r) is expressed as
where 0 is permittivity and the second term is assumed to be U s . Here
is the screening length, where k, N ion , and Q ion are the Boltzmann constant, ion number density, and ion charge number, respectively. Although Debye screening plays an important role in the kinetics of all components in aqueous solutions or plasmas, experiments that quantitatively or even qualitatively demonstrate Coulomb screening are rare. These predictions suggest that low-energy nuclear reactions are enhanced very strongly in a liquid metal target. Taleyarkhan et al. reported another approach for providing high-density, high-temperature conditions in a table-top-size experiment. They examined d + d nuclear fusion induced in acoustic cavitation generated by ultrasonic (US) waves in a liquid of deuterated acetone (C 3 2 H 6 O), which is called bubble fusion [13] [14] [15] . Similar experiments by other groups, however, have failed to confirm bubble fusion [16, 17] , and the occurrence of fusion through the cavitation process has been in dispute. It is commonly accepted that high temperature and high pressure are realized inside a bubble when the bubble collapses. Calculations have predicted the existence of a hot, optically opaque plasma core [18] [19] [20] . If the temperature exceeds 10 6 K, as some calculations have predicted, deuterium can undergo nuclear fusion. Although the existence of the plasma core and the lower limit of its temperature were published recently [21] , no experimental evidence that quantitatively demonstrates a sufficiently high temperature for nuclear fusion has been reported. If the plasma core is optically opaque, the plasma temperature cannot be measured by optical methods.
To extend the plasma conditions for nuclear reactions that can be realized in a small experiment, we combined the two experimental concepts described above, i.e., lowenergy nuclear reactions in liquid Li and US cavitation. A sophisticated liquid target chamber was constructed to achieve acoustic cavitation in liquid metal Li. In this paper, we report, for the first time, the 6 Li(d,α) 4 He and 2 H(d,p) 3 H fusion reactions in liquid Li with/without acoustic cavitation during low-energy deuteron beam bombardment. Various conditions of the input US wave, target surface, and beam intensity were examined in order to observe the effects of the US wave and the material phase dependence. Bubble fusion events were also measured. The excitation functions were analyzed in terms of the screening energy and the temperature in the acoustic cavity.
One of the aims of the present study is to measure the Li + d reaction in liquid Li and to discuss the enhanced screening effect in a low-temperature, high-density plasma. The other is to investigate the effect of acoustic cavitation on the Li + d and d + d reactions during deuteron bombardment and to ask whether high temperatures and the screening effect are realized. The next section describes the experimental details, in particular, those for the acoustic cavitation system. Since the conditions for achieving US cavitation in liquid Li are unknown, the results and a discussion of the survey measurements are given in Sec. III. To date, the effect of US cavitation has been seen only in the 2 H(d,p) 3 H reaction. Thus, we deduce the screening energy of the 6 Li(d,α) 4 He reaction in liquid Li in Sec. IV. The effect of US cavitation on the 2 H(d,p) 3 H reaction is described in Sec. V. Further discussion is presented in Sec. VI, and our results are summarized in Sec. VII.
II. EXPERIMENT

A. Ultrasonic system and lithium cavitation
A high-intensity acoustic field in liquid matter forms cavities or bubbles. The bubbles repeatedly expand and contract according to pressure oscillations of the US wave. The simplest example of bubble growth and collapse during the US cycles is shown in Fig. 1 . A nucleus appears at low density; the bubble expands and contracts through several cycles and finally collapses at higher density. Since the speed of contraction approaches that of sound, the process proceeds adiabatically, producing high pressure, density, and temperature at the center of the cavity. Numerical simulations predicted shock wave formation in the cavity [22, 23] . Atoms in the cavity are excited because of the high temperature and emit light, which is called sonoluminescence. Two types of acoustic cavitation and sonoluminescence are studied. One is a single-bubble system and single-bubble sonoluminescence (SBSL), in which a stably oscillating single bubble emits light in each compression phase [24] . The other is a multibubble system and multibubble sonoluminescence (MBSL), in which countless bubbles are generated, many of which emit light. Unless otherwise specified, "the acoustic cavitation" refers to the multibubble system in this paper. To prepare the Li acoustic cavitation target and bombard it with a low-energy deuteron beam, a vacuum chamber equipped with a US generator system was constructed. Figure 2 illustrates a schematic view of the US system; a plot of vibration amplitude versus position appears on the right. Note that the sonic waves are not transverse but longitudinal waves that form alternating conditions of density and rarefaction. A bolt-clamped Langevin-type transducer (BLT, Honda Electronics) placed at the bottom of the system generates a sonic wave. The BLT consists of four piezoelectric elements made of lead zirconate titanate (PZT). When the BLT is driven with an appropriate frequency, it outputs a high-amplitude wave because of resonance of the vibrations produced in the four piezoelectric elements. We designed the total length of the system such that the Li target position corresponds to an antinode under a resonant condition having a frequency of about 19 kHz. A horn made of Al connects the BLT and a liquid target holder. At the node position of the resonant sonic wave, the horn has a flange, where the US system is fixed with a vacuum chamber. Thus, the Li target can be placed in vacuum while the BLT is in air. The horn has an exponentially tapered shape that amplifies the vibration amplitude of the US wave by shrinking the diameter from 50 mm (bottom) to 23 mm (top). A Li holder (15 mm in diameter and 3.5 mm deep) made of stainless steel (SUS316L) is placed at the tip of the system. Sonic waves can pass vertically through the vacuum chamber wall with the minimum loss and reach the Li target.
Lithium is chemically so active that the surface is easily contaminated even in vacuum, where the primary residual gas is water vapor. Furthermore, carbon is steadily deposited on the beam spot during beam bombardment. These surface contaminants strongly affect the measurement results of the screening potential with a low-energy beam [11, 25] . To obtain an accurate result, the Li surface should be kept completely clean. Therefore, the vacuum chamber contains essential tools to prepare clear liquid Li. A glove box is connected to the target chamber as its extended part. This structure makes it possible to handle the Li in a high-purity Ar atmosphere so it is never exposed to another gas until the end of the experiment. Since the glove box is evacuated by a turbomolecular pump, water vapor can be exhausted more effectively than by a gas A BLT generates US waves, which are irradiated vertically to a Li target placed at the tip of the US system. Liquid Li target is 15 mm in diameter and 3.5 mm deep. Vibration amplitude is illustrated on the right at a resonance frequency of about 19 kHz. The US system was designed by matching the Li surface with the antinode position; the system is connected to a vacuum chamber at the node position to minimize losses. A scraper can remove contaminants floating on the liquid Li surface to maintain a completely clean surface. A cut beam 5 mm in diameter is injected at an angle of 60
• with respect to the horizontal. A removable Faraday cup samples the beam current periodically. Charged particles are detected by an SSD, which has an active area of 600 mm 2 , a thickness of 300 μm, and a 5-μm-thick Al absorber. The solid angle and detection angle are /4π = 2.7% and θ lab = 124
• with respect to the beam direction, respectively. The SSD was cooled to 5
• C, where the typical energy resolution is about 200 keV in FWHM for 5.486-MeV α particles. 054620-3 substitution procedure. After a sample of Li is cut and shaved for placement in the glove box, the Li target is transferred directly to the target chamber. The chamber then is evacuated to a pressure on the order of 10 −5 Pa (typically 2 × 10 −5 Pa). The temperature of the Li target is controlled by ohmic heaters inserted in the holes of the holder and monitored by an infrared thermometer outside of the chamber. In the measurements, the temperature was maintained above 200
• C; the melting point of Li is 180
• C. Since the vapor pressure of Li below 300
• C is on the order of 10 −6 Pa [26] , evaporation was suppressed. When Li melts, impurities float on its liquid surface because their melting points are much higher than that of Li. The chamber contains a cleaning system that removes these impurities in vacuum. A scraper driven manually with linear and rotary motion feedthrough skims off the surface contaminants. After all of them are removed, a completely clear black surface is obtained. It is essential to avoid any erroneous analysis caused by unnoticed surface contaminants, as discussed for solid target experiments [11, 25] .
If the Li target is clean, countless bubbles cover the surface of the liquid Li under US operation; this is categorized as multibubble cavitation. The typical resonance frequency of the US system is 18.85 kHz. In this study, the targets of the incident deuterons are bubbles, so they should exist within the range of the deuterons, within a few micrometers. Furthermore, the liquid must be placed inside the vacuum chamber. Under these conditions, it is quite difficult to realize single-bubble cavitation, which may yield highly precise information on the state of the bubble; a single-bubble cavitation target will be considered in the future to obtain more precise data.
The Li surface is covered by contaminants again after several hours, and bubbles do not appear on the surface. The Li always reacts with residual gases in the chamber and microcracks in the holder; thus, contaminants accumulate and cavitation occurs below the contaminant layer. Since the layer is thicker than the incident deuteron range, deuterons lose energy within the contaminant layer before arriving at the cavitation sites. The reaction yield is strongly affected not only by the layer but also by even a small quantity of impurities, as described below. The cleanness of the Li surface is, therefore, a key factor in reaching correct conclusions. The surface cleaning process was repeated periodically during the experiment to keep the surface clear of impurities. However, target deterioration cannot be controlled, although it seems that it tends to be accelerated when the cavitation becomes intense with increasing vibration amplitude. We examined the target surface after each measurement, and the data acquired with a deteriorated surface were not employed.
B. Li + d and d + d measurements
We bombarded the Li target with a low-energy deuteron beam and measured the charged-particle emissions with a Si semiconductor detector (SSD). A low-energy ion generator provided deuteron beams at bombardment energies of 30 to 70 keV with an accuracy of ±50 eV. The beam was vertically bent by 60
• with respect to the horizontal and injected into the target chamber from an upper port. Inside the chamber, a 5-mm-diameter aperture and a movable Faraday cup were aligned in front of the Li target. During the measurement, the beam's electric current was measured by inserting the Faraday cup for periodic sampling at a rate that was controlled by a data acquisition program. The amount of total charge bombardment was calculated from the sampled current value. The SSD has an active area of 600 mm 2 ( /4π = 2.7%) and a thickness of 300 μm; it was placed at an angle of θ lab = 124
• C with respect to the beam direction. The SSD was cooled to 5
• C to improve energy resolution. A 5-μm-thick Al foil covered the detector to stop elastically scattered deuterons, δ-ray electrons, and sputtered Li particles. The typical energy resolution for this setup is about 200 keV in full width at half maximum (FWHM) for 5.486-MeV α particles. The target was an isotopically enriched Li metal (95% 6 Li, 5% 7 Li, ISOTEC). In the experimental temperature range, the number density of the 6 Li in liquid phase is regarded as constant at N6 Li = 4.42 × 10 22 atom/cm 3 [26] [27] [28] . A typical energy spectrum obtained with the liquid Li target is shown in Fig. 3 3 H reactions. The yields in the US-on and -off states were compared to elucidate the US effect. However, the target condition was sensitive and readily deteriorated within several minutes because of the high activity of liquid Li, as described in Sec. II A. Therefore, we adopted an alternating data acquisition program in which the experimental conditions and the on/off states of the beam and the US wave were synchronized. This program switched the US wave off and on and measured the reaction yields in the US-on and -off states while minimizing the systematic errors. The data acquisition sequence is shown in Table I . The beam was repeatedly turned off for 3 s and on for 10 s, while the US wave was turned off and on every 13 s; hence, four data sets were accumulated in each cycle. Here "beam-off" means that the Faraday cup is inserted at the beam position and the target is not exposed to the deuteron beam. The average beam current during the beam-on state was interpolated as the mean value of the currents during the two beam-off states before and after the beam-on state.
Survey measurements performed under various experimental conditions showed that the reaction yield also depends strongly on the target condition, as described in Sec. III A. Thus, the data analyzed in the present study were those accumulated under relatively stable conditions. The beam and target conditions for the measurements are summarized in Table II . 3 H reaction normalized by the electric charge, which is equivalent to the number of incident deuterons. Since the yields were measured alternately in the US-off and -on states, as described in Sec. II B, the data points obtained under each condition are plotted in turn. As shown in Fig. 4(a) , the average yields for the Li + d reaction in the US-off and -on states are 0.675 ± 0.014 (dotted line) and 0.668 ± 0.012 counts/μC (solid line), respectively. The values overlap each other within the error, and no significant US effect was observed. In contrast, the yield of the d + d reaction for the US-on state is always higher than that for the US-off state, as shown in Fig. 4 (b). The averages are 0.109 ± 0.006 and 0.153 ± 0.007 for the US-off and -on states, respectively. Overall, the US effect causes a 40% yield increase with a reliability of 3.4σ . To see the time dependence more clearly, the US-on/-off yield ratios (ratios of the yield in the US-on state to that in the US-off state) for both reactions are plotted in Fig. 4 Fig. 4(a) . For the d+d reaction, however, both yields increased steeply with the elapsed time, as shown in Fig.  4 (e). Because the surface gets covered with a contaminant layer during bombardment, the spot where the d + d reaction occurs changes gradually from the liquid Li phase to the solid Li compound one. Deuterons accumulate easily in the solid contaminated target, so the target deuteron density increases as the elapsed time increases. In the solid phase, no US effect seems to exist. This is seen more clearly in Fig. 4 (f), which shows the US-on/-off yield ratio; the averages for the Li + d and d + d reactions are 0.98 ± 0.02 and 0.98 ± 0.03, respectively. No significant enhancement was observed with the contaminated Li target. Therefore, the enhancement is caused not by the US wave itself but by the emergence of cavitation in liquid Li. Although we attempted over a hundred times to produce the conditions necessary for a greater US effect for a clean target surface, the measured values of the US-on/-off yield ratio were not reproduced very well. In are plotted against the maximum displacement (vibration amplitude) at the target's surface. The data were accumulated in a chain of measurements, and special care was taken to maintain similar target conditions of E d = 50 keV, I = 15 μA, and T = 220
• C. As expected, the yield ratios of the Li + d reaction are almost unity, and no significant enhancement is observed. On the other hand, the ratio of the d + d reaction depends strongly on the vibration amplitude. The enhanced reactions appear only at lower amplitudes. The US-on/-off yield ratio seems to decrease suddenly for amplitudes above 2.8 μm and drops below unity at amplitudes above 3.0 μm. This behavior is unexpected because careful observation showed that cavitation clearly became violent as the vibration amplitude increased. At such a high amplitude, liquid Li is strongly stirred; hence, deuterons in the Li diffuse away. This reduces the target deuteron density; thus, the proton yield drops below unity. The reaction enhancement caused by the US-on state seems to be more effective than the reduction in the target density at lower amplitudes; consequently, the US-on/-off yield ratio exceeded unity. Note that the yield ratio of the d + d reaction recovers at amplitudes greater than 3.5 μm. Under such a high vibration amplitude condition, the Li surface is covered with contaminants within several minutes. The target then changes from liquid Li to the solid contaminant layer, and cavitation can no longer be generated at the surface. Therefore, the US effect disappears, and the US-on/-off yield ratio is asymptotic to unity.
B. Strong enhancement
As described above, the target conditions change instantaneously and are uncontrollable. The US-on/-off yield ratio • C, respectively. The yield ratio of the d + d reaction tends to decrease with increasing amplitude, whereas the ratio of the Li + d reaction remains constant. Since intense US waves stir liquid Li, target deuterons are diffused away. The target density and, consequently, the reaction yield decrease in the US-on state. When the amplitude is further increased, for example, to 3.5 μm, the Li target is contaminated within a few minutes, and the ratio tends to recover to unity.
for the d + d reaction is widely distributed even under the same conditions. In this study, the reaction yields have been measured under various experimental conditions, and strong enhancement (yield ratios greater than 2.0) has rarely been observed. For the strongest enhancement, the time-averaged US-on/-off yield ratio of the d + d reaction became greater than 5, whereas that of the Li + d reaction remained at around unity. The energy spectra for the US-off and -on states for that run are shown in Figs. 7(a) and 7(b), respectively. Fig. 4(b) , the target deuteron density can be regarded as constant during the measurement. The yield for the US-on state is particularly large for the first 5 min and 054620-7 then drops abruptly by about 40%. This indicates the difficulty in maintaining long-term stability in the US cavitation target. The US-on/-off yield ratios are shown in Fig. 7(e) ; the timeaveraged values are 1.03 ± 0.02 and 5.14 ± 0.23 for the Li + d and d + d reactions, respectively. The instantaneous ratios exceeded 10.0 on several occasions. The corresponding events cannot be caused by statistical fluctuations or electrical noise.
Note that the peak of the 2 H(d,p) 3 H reaction in Fig. 7 (b) has two peculiar features: the peak shift and the width of the peak. The centers of the peaks for the US-off and -on states are at 2824.2 ± 2.5 and 2828.0 ± 1.1 keV, respectively. The peak in the US-on state is shifted to higher energy by about 4 keV, which is equivalent to a deviation of about 1σ . Furthermore, the foot of the peak in the US-on state spreads slightly toward higher energy. Spectra with an expanded scale are shown in Fig. 8 (a) in order to display the second characteristic more clearly. The spectrum in the US-on state is the same as that in Fig. 7(b) . That in the US-off state, however, is a summation of three data sets: the data shown in Fig. 7 (a) and those taken just before and after the run. All the data were taken under the same Fig. 7(b) . Those for the US-off state are a summation of three data: those shown in Fig. 7(a) and those taken just before and just after that measurement. All the data were taken under the same experimental conditions. The total counts of both 2 H(d,p) 3 H reaction peaks are adjusted to be the same. Background events in the US-off spectrum are subtracted randomly to obtain a level equivalent to those in the US-on state. experimental conditions. The total counts for the 2 H(d,p) 3 H reaction peaks are adjusted to those for the US-on state so as to compare the peak structure using the same statistics. Because the measurement duration becomes longer than that for the US-on state because of the summation, the number of counts of background events, such as the 7 Li(d,α)n 4 He, (n,p), and (n,α) reactions, also increased. Thus, the background events were subtracted randomly to obtain a level equivalent to those for the US-on state.
Counts
The 2 H(d,p) 3 H peaks in the US-off and -on states in Fig. 8(a) are shown in detail in Figs. 8(b) and 8(c) , respectively, at expanded scales. In Fig. 8(b) , the solid line shows a fitting result, which agrees with the data well (reduced χ 2 = 1.242).
This function is also illustrated as a dashed line in Fig. 8(c) 4 He, no significant change in the peak structure or reaction enhancement was observed. The deformation of the spectrum can be regarded as a kinematic effect. The target deuteron has a meaningful momentum; in other words, the deuteron temperature in the cavity is meaningfully high. If the target deuteron moves rapidly enough and collides with the incident deuteron head-on, the reaction cross section increases dramatically and the energy of detected protons increases.
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Numerically simulated spectra for deuteron temperatures of kT d = 686 and 1250 eV are denoted in Fig. 8(c) by solid and long dashed-dotted lines, respectively. The high-energy tails tend to become large with increasing target deuteron temperature. Here we assume that the percentage of the gas phase at the liquid Li surface is 65% (liquid phase is 35%) on the basis of the discussion in Sec. V. The best fit is obtained at a deuteron temperature of kT d = 686 ± 115 eV or 7.96 × 10 6 K. The reduced χ 2 improves from 1.721 to 1.208 as kT d increases from 0 (US-off) to 686 eV. The kinematically shifted spectrum can explain the experimental plot. Hence, the deuteron temperature in the cavity reaches at least on the order of 10 6 K in the most enhanced run. Furthermore, the above discussion indicates that the temperature in the cavity can be estimated by a kinematic analysis. We discuss the contradictory findings that the temperature of Li in the cavity is not high and no reaction enhancement was observed in Sec. VI.
C. Infrared thermometer readout
We found that the uncontrollable IR thermometer readout, qualitatively correlated with the reaction enhancement. Figure 9 shows the IR thermometer readouts as a function of elapsed time. The lines increase and decrease periodically in synchrony with the US-on/-off cycle. When the US waves were turned on, the IR thermometer readout increased immediately; it also decreased back to the initial value at the instant the US waves were turned off. The height of the steps, i.e., the differences between high and low temperatures, is positively correlated with the US-on/-off yield ratio. The temperature difference seems to increase with the yield ratio. Examples are shown in Figs. 9(a) and 9(b); the corresponding yield ratios were 1.38 ± 0.09 and 2.30 ± 0.09, respectively. Much larger differences in the apparent temperature appear in Fig. 9(b) . Note that the periodic steps of the readout disappeared completely because of the absence of cavitation when the Li surface was covered with impurities. Although the reason for the fluctuation is unknown, it is not plausible that the change in the readout corresponds to a true temperature change because the response was instantaneous. One possible candidate for explaining the above characteristic is near-infrared radiation arising from Li cavitation as sonoluminescence.
D. Time correlation
The enhanced events due to the US effect are expected to exhibit a periodic time structure in this experiment. Since cavitation occurs on a periodic cycle, as shown in Fig. 1 , the US effect should also be time dependent. In SBSL, for example, the cavity collapses periodically at a specific point in the US cycle [22] [23] [24] . The temperature in the cavity increases dramatically and reaches a maximum when the cavity contracts and collapses. In bubble fusion experiments, Taleyarkhan et al. reported a clear time structure of the neutron and γ -ray emissions, which are synchronized with the US cycle [29] . We conducted two time structure analyses for the Li + d and d + d reactions in terms of micro and macro time sequences. The first is a micro time sequence that reflects the information within one cycle of the US wave. The US frequency is about 18.85 kHz; thus, one cycle is about 53 μs. Standard time signals were obtained from the US power supply when the vibration amplitude crossed a certain value, namely the discriminator level. Next, the time differences between each event signal and the nearest former standard signal were measured. Time spectra of a typical strongly enhanced reaction are shown in Fig. 10 . The horizontal axis corresponds to the time difference between the standard signal and the event signal. In this case, the US-on/-off yield ratios were 0.96 ± 0.03 and 3.52 ± 0. because the reaction rate is constant and not time dependent. In the US-on state [ Fig. 10(d) ], prominent structure is also absent, except that the event counts are much larger than those in Fig. 10(c) . A small bumplike structure around 30 μs is due to statistical fluctuations. If the reaction enhancement is correlated with bubble collapse, the histogram is expected to have a peak structure when the US waves compress the bubble. However, the sequence information for the US-on state shown in Fig. 10(d) exhibits no peak structure and no observable time correlation between the events and the US cycle. This means that enhanced d + d reactions occur consistently in one cycle of the US wave.
The obtained results do not agree with the simple prediction discussed above. One might interpret this as indicating that the deuteron density near the beam spot increases due to US operation. This interpretation, however, contradicts the other results. The enhancement disappears at higher amplitudes, as shown in Fig. 6 . Moreover, the US-on/-off yield ratio tends to have an incident energy dependence, which is described below. An increase in the deuteron density is expected to increase the US-on/-off yield ratio by a constant factor independent of the incident energy. Therefore, instead of a deuteron density change, the following explanation is more reasonable. The cavitation process is very complex, and a simple model can be applied only to limited cases such as the single-bubble system. Because the intensity of the US waves is strong, the bubbles become numerous in this experiment. Consequently, interactions between multiple bubbles affect the bubble growth cycle and the timing of the bubble collapses; the temperature becomes highest. The bubbles collapse at any time in the US wave cycle. Therefore, an enhanced reaction having no temporal correlation with the US cycle is observed.
In this study, meaningful micro time sequence information has never been obtained. In contrast, the macro time sequence information exhibited a structure when the reaction was sufficiently enhanced. To examine the time correlation between two successive events, the estimated spectra are shown in Fig. 11 . The data are the same as those analyzed in Fig. 10 A unique structure appears for the d + d reaction in the US-on state, whereas the others have a common structure. We analyzed these histograms using predictions based on the Poisson process because nuclear reactions are modeled well with that process. This process, which is characterized by the constant rate parameter λ 0 and probability of occurrence k within the time interval t, is described as
Thus, the distribution of the time interval between consecutive events, i.e., the interarrival time τ , is proportional to e −λ 0 τ . Here the constant λ 0 is equivalent to the reaction rate in the present analysis. The time correlation spectrum is expected to decrease exponentially with increasing event time interval at a constant reaction rate. In fact, the two spectra for the Li + d reaction shown in Fig. 11(a) are reproduced well by the function
where I is a constant. The fitting results are shown in Fig. 11(a) ; the derived values λ 0 for the US-off and -on states are λ 0 = 1.09 ± 0.04 and 1.13 ± 0.05, respectively. These two derived reaction rates agree with not only each other but also the respective reaction rates within the experimental errors. In Fig. 11(b) , the spectrum for the US-off state can be fitted by the same function; the derived rate parameter is λ 0 = 0.75 ± 0.05. However, the same analysis cannot be applied to that for the US-on state, which clearly has three components: (1) a straight component that is almost parallel to the US-off spectrum for 1.5 < t < 3.5 s, (2) a steep component for 0 < t < 0.2 s, and (3) a shoulder for 0.2 < t < 1 s. The second component can be approximated by a straight line with a steep slope (large λ 0 ) which indicates a high reaction rate. Here components (1) and (2) Reaction rate parameter λ 0 in the US-off state is 0.75 ± 0.05. The histogram for the US-on state has three components. The first is parallel to the histogram for the US-off state; i.e., it shows an equivalent reaction rate. The second is much steeper (i.e., represents a higher reaction rate) than the first. The first and second components are regarded as reactions in the liquid and gas phases, respectively. The histogram for the US-on state is fitted by Eq. (11); the reaction rate parameters are λ 1 = 0.74 ± 0.28, λ 2 = 15.63 ± 1.67, and λ 3 = 5.14 ± 0.34. (c) Original d + d reaction yield estimated from the fitting result in Fig. 11(b) . The third component becomes a linear function assuming that Eq. (11) holds. In a time-average interpretation, the three components repeat sequentially.
Z(t) = X(t) + Y (t) with a rate parameter λ Z
Thus, the time spectrum should contain not two but only one component having a function y = I e −(λ X +λ Y )t . Therefore, the spectrum for the US-on state in Fig. 11(b) is regarded as representing a time-dependent Poisson process. In this case, the reaction rate repeatedly alternates between λ X and λ Y with a certain time interval.
It is not appropriate to approximate the third component with Eq. (7) because the reaction rate is clearly time dependent. The generalized probability of the Poisson process is described as
where (t) is the integral of the time-dependent reaction rate λ(t),
This generalized process is known as the nonhomogeneous Poisson process (NHPP), whereas the process described by Eq. (7) is called the homogeneous Poisson process. The NHPP is applied for many continuous-time stochastic processes, for example, electrical excitation processes and neurotransmission in neuroscience [30] [31] [32] .
In Fig. 11(b) , the spectrum in the US-on state can be reproduced well by the following three-component function:
The fitting result is shown by a solid line, and the components are shown by dotted lines labeled (1), (2) , and (3). The calculated rate parameters are λ 1 = 0.74 ± 0.28, λ 2 = 15.63 ± 1.67, and λ 3 = 5.14 ± 0.34. The third component, the last term of Eq. (11), corresponds to a time-dependent reaction rate that increases linearly with the elapsed time, i.e., λ(t) = λ 3 t. A simple interpretation of the total reaction rate is, for example,
where n is natural number, including zero. The reaction occurs with two different reaction rates, λ 1 (low-rate state) and λ 2 (high-rate state) for two different time periods, T 1 = t 3n+1 − t 3n and T 2 = t 3n+3 − t 3n+2 , respectively. The reaction rate increases linearly with the slope of λ 3 as the reaction state changes from the low-rate to the high-rate state. The timeaveraged original reaction yields can be estimated as shown in Fig. 11(c) , assuming that the fitting result λ 0 = 0.75 for the US-off state is equivalent to the experimental yield of 0.053 counts/μC. The reaction is in the low-rate state alone for 65% of the measuring time and in the high-rate state or the transition state from the low-rate to the high-rate state for 35% of this run. The existence of the high reaction rate state is clearly due to US cavitation. Because the reaction rate of the first component is almost equal to that in the US-off state, we consider the first and second components to be caused by reactions in the liquid and gas phases, respectively. The second component, the reaction in the gas phase, maintains a high reaction rate that is more than 20 times higher than that for the first component, the reaction in the liquid phase. The third component, which corresponds to the transition state from the liquid to the gas phase, has seldom been observed before, and the time spectrum consists of only the first two components for most measurements. Note that the time variation in the reaction yield shown in Fig. 11(c) is the time-averaged value. The actual reaction rate is predicted to fluctuate locally during the measurement.
IV. ENHANCED 6 Li(d,α) 4 He REACTION IN LIQUID Li
As mentioned above, the effect of US waves is unstable, and the US-on/-off yield ratio is widely scattered. To investigate the reaction mechanism, we selected a relatively stable condition and measured the energy dependence of the US-on/-off yield ratio. Here we use the experimental conditions listed in Table II . Figure 12 (a) shows the energy dependence of the Li + d reaction thick target yield in the US-on state. The thick target yield Y α can be expressed as
where A, n d , and dE/dx are the coefficient, number of incident deuterons, and deuteron stopping power in Li, respectively. The detection efficiency can be regarded as unity for the SSD at the experimental reaction rate. The coefficient 2 comes from the double counting of two α particles, which cannot be differentiated from each other in the 6 Li(d,α 1 )α 2 reaction. Equation (13) takes into account the transformation of the solid angle between the center of mass and the laboratory system. The angular distribution is negligibly small at the above-mentioned incident energies and detection angle [33] . The number density of 6 Li can be regarded as constant because the temperature change during the measurement, ±10
• C, corresponds to a 0.1% fluctuation in the density [26] [27] [28] . The proton stopping power in lithium was measured precisely by Eppacher et al. [34] . Because the deuteron density in liquid lithium is on the order of 0.01% of the Li density, it cannot affect the target density or stopping power [26] [27] [28] . The cross section σ (E) is defined as in Eq. (1). The astrophysical factor S(E) is an experimental value that is extrapolated from higher-energy measurements. Engstler et al. [33] 
(MeV b). (14)
We fitted the experimental plots in Fig. 12(a) with Eq. (13) by replacing the term σ (E) with σ 0 [E + U s ]. The fitting result is shown by a solid line in Fig. 12(a) fitting coefficient A is expected to be 1.0, the fitting result is A = 1.277 ± 0.005. In Ref. [33] , the measurement is not completely absolute, but the authors normalized their experimental result by the earlier reference data. Therefore, the higher coefficient value is reasonable, and this disagreement cannot affect the obtained screening potential because the measurement and the analysis are not absolute but relative in the present experiment.
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The screening potential in the US-off state, derived by the same process, was U s = 574 ± 54 eV. Because the US effect cannot be clearly observed in the Li + d measurement, the screening potential of the Li + d reaction in liquid Li can be regarded as 543 ± 38 eV, which is the average of the values in the US-on and -off states. An enhancement factor Y exp /Y bare is shown in Fig. 12(b) . The deduced screening potential U s = 543 ± 38 eV predicts that the reaction rate is doubled for E d < 20 keV.
In low-energy experiments, the surface condition of the target is quite important for obtaining an accurate result [11, 25] . The surface layer is instantly oxidized and carbon is deposited during long-duration measurements, whereas the beam range is quite short (less than 1 μm) and the reaction occurs only in the surface region. It is difficult to keep the surface clean even in an ultrahigh vacuum [25] . In d + d measurement, the target is deuteron in the solid target, and the target deuteron density is not constant. The surface condition affects the time and depth profiles of the absorbed deuterons. However, this problem in the solid target system is completely absent in the present experiment. Because the target is liquid, the contaminants, which have melting points much higher than the target temperature, float on the surface. We removed them periodically and used only the data obtained with a completely clean surface. Furthermore, the target density change is negligible. This experimental setup can measure the screening potential accurately without any type of material uncertainty.
Because the measurement and analysis are not absolute but relative, the energy dependence of each parameter provides systematic errors for the screening potential. In Eq. (13), the astrophysical factor and stopping power are energy dependent. The astrophysical factor is an experimental value determined by an absolute measurement of the nuclear fusion cross section using the equation
In astrophysical factor measurement, the systematic error originates primarily in the stopping power [33] . The error in the astrophysical factor includes the stopping power error. Therefore, the error of the term (dE/dx) −1 in the Eq. (13) was not considered to avoid counting the stopping power error twice.
Equation (15), however, is not applicable for atomic targets at lower energies because of the screening effect of valence electrons [1] . Therefore, the astrophysical factor is usually extrapolated to zero from a fitting result at higher energies. Thus, the fitting function and region have uncertainties, which increase the error. To avoid the screening effect, an indirect measurement method called the Trojan Horse method was proposed [35, 36] . The astrophysical factor of the 6 Li(d,α) 4 He reaction can be indirectly calculated by 6 Li( 6 Li, αα) 4 He measurement. In the Trojan Horse method, the incident 6 Li energy can be set high enough such that the screening effect can be ignored. Spitaleri et al. [37] obtained the astrophysical factor of the 6 Li(d,α) 4 He reaction as
by the Trojan Horse method. However, in principle, this method cannot identify the absolute value. The experimental result must be normalized by the direct measurement result at a certain energy. When the astrophysical factor in Eq. (14) is replaced by that in Eq. (16), the screening potential increases by 75 eV. These two astrophysical factors are simple extrapolations assuming a polynomial function. The branching ratio for each channel is regarded as constant at low incident energy. The compound state 8 Be, however, has a wide subthreshold resonance at E = 22.2 MeV (2 + ; 0) with a width of = 800 keV, while the threshold is 22.28 MeV. This resonance could affect the branching ratio, which would appear to increase the yield. Czerski et al. revised the astrophysical factor considering the influence of the subthreshold resonance,
on the basis of direct measurement results [38] . Although the influence was estimated theoretically by the distorted-wave Born approximation method, the quantitative analysis depends on parametrizations. When the astrophysical factor in Eq. (14) is replaced with that in Eq. (17), the screening potential decreases by 149 eV. Since Eqs. (16) and (17) have uncertainties, we adopted Eq. (14) as the most probable value. The differences in the screening potential, +75 −149 eV, are considered to arise from systematic errors originating in the uncertainty in the astrophysical factor, including the stopping power error. In addition, the beam current has an uncertainty due to the sampling measurements. The maximum immediate current fluctuation is less than 10%. We estimated the systematic error originating from the beam current as 4 He reaction with a LiF target to be 380 ± 250 eV [33] . Although the potential of 543 ± 38 +8 −4 eV in the present experiment agrees with the reference value within the error, our result is slightly higher; the potential should be compared under the same astrophysical factor so the systematic error is not considered. In liquid Li, all Li atoms are dissociated as Li 1+ and e 1− , which can move freely. Therefore, ionic Debye screening [12] increases the screening potential.
The total screening potential can be estimated by considering valence electrons, free electrons, and free ions, which are calculated by the adiabatic limit [39] , Thomas-Fermi approximation, and Debye screening, respectively. In liquid Li, the theoretically predicted screening potential is U s = 639 eV at a Li density and temperature of N Li = 4.45 × 10 22 atom/cm 3 and 473 K, respectively. The experimental screening potential 543 ± 38
+83
−153 eV agrees with the theoretical value within the systematic error. However, the most probable value is smaller than the theoretical prediction. Although Debye screening is based on simple static conditions, the reaction enhancement depends on the dynamic mobility of ions and electrons. Because the Li + ion cannot exhibit full screening due to its slow mobility, the true screening potential would become lower than the static prediction.
As described above, the Li + d reaction yield was not influenced by the US effect. The Li target atom is already dissociated into ions in the liquid phase. Therefore, no additional screening effect can be generated by the transition from the liquid to the gas phase. Furthermore, the effects of the Li density and temperature changes were averaged out. The anomalously large screening potential reported in a solid metal target [40] has not been observed in liquid and gaseous metals. The obtained screening potential can be explained by the well-known ionic Debye screening model. This result implies that the anomalously large screening potential may be peculiar to the solid-state environment.
V. ENHANCED 2 H(d, p) 3 H REACTION IN LIQUID Li WITH US CAVITATION
Figure 13(a) shows the energy dependence of the US-on/-off yield ratio of the 2 H(d,p) 3 H reaction. The ratio tends to increase as the incident energy decreases. If the target density were increased by the US effect, the reaction yield should increase continuously; therefore, the plot in Fig. 13(a) should become flat. The data points, however, are clearly energy dependent. Therefore, the reaction is enhanced not by the change in density but by cross-section enhancement. The kinematic analysis in Fig. 8 also supports the occurrence of cross-section enhancement.
When we assume the screening effect in Li cavitation, the yield ratio can be expressed as
where B is a coefficient. Here we adopted the astrophysical factor reported by Krauss et al. [41] ,
The best fitting result, U s = 2086 ± 129 eV, is shown by a dashed line in Fig. 13(a) . This potential is the largest value reported for any other host material and reaction. If we extrapolate the curve to the room temperature energy (E = 0.025 eV), the reaction rate can be calculated by replacing the cross section with σ (E + U s ),
where N2 H is assumed to be 10 −4 × N Li = 4.4 × 10 18 atom/cm 3 . Considering the target volume and solid angle of the detector, we expect approximately 50 000 cps in this system. However, the real counting rate, a maximum of 9 cps at E d = 50 keV, is much less than the predicted value. This implies that the enhancement is not caused by the screening effect, and another enhancement mechanism exists in Li acoustic cavitation.
As described in Sec. III B, the temperature in the cavity can be estimated to be on the order of 10 6 K under certain conditions. Taleyarkhan Circles represent target deuteron energy, E target , which is equivalent to deuteron temperature. Triangles represent theoretical gas/liquid yield ratio R s for each γ and E target . Dashed line is an experimental value R s = 2.6 obtained from the macro time sequence information. The most probable point is γ = 0.65, at which E target = 2959 eV.
in a certain bubble rises above 10 6 K at the instant the bubble contracts [13] [14] [15] 29] . At such high temperatures, the nuclear emissions can be explained by hot fusion. We analyzed the 054620-15 data in Fig. 13(a) to evaluate the target temperature using the high-temperature model. We self-consistently evaluated three unknown factors, the temperature in the bubble, percentage of the gas phase at the surface, and deuteron density change due to acoustic cavitation, assuming the following:
(i) The Li surface is a mixture of the liquid and gas phases.
The percentage of the gas phase is defined as γ (0 < γ < 1). (ii) In the liquid phase, the screening effect is valid.
According to Sec. IV, the screening potential remains constant in both US-on and -off states, and Debye screening also applies in the 2 H(d,p) 3 H reaction. We assumed U s = 200 eV in liquid Li, which is present at a percentage of (1 − γ ). Let E beam and E target be the energies of the incident deuteron and target deuteron, respectively, in the laboratory system. When we consider the collision of two particles, the energy in the center-of-mass system, K cm (θ ), is given by
where θ is the collision angle. From Eq. (1), the cross section at low energies changes exponentially. Therefore, the cross section has a large θ dependence,
The cross section is largest when the particles collide head-on. Under the above assumptions, the US-on/-off yield ratio can be defined as (24) where the coefficient C modifies the change in deuteron density in both US-on and -off states. For convenience, we ignore the transformation of the solid angle between the center of mass and laboratory systems. We fitted the data points in Fig. 13(a) with Eq. (24) in order to evaluate E target for some given γ . The fitting results are plotted in Fig. 13(b) as circles. As the percentage of the gas phase γ decreases, the temperature in the bubble must increase in order to achieve reaction enhancement with a small number of bubbles.
Here we inferred the most probable γ using the yield ratio between the two phases. As shown in Fig. 11(b) , the macro time sequence spectrum generally had two components when the d + d reaction was enhanced. The third component was seldom observed; thus, it can be ignored in the following discussion. The rapid and gradual components correspond to reactions in the gas and liquid phases, respectively. First, we fitted the macro sequence spectrum of the US-off state with the function y = D exp(−λ off t) (25) in order to determine the reaction rate in the liquid phase, λ off . The term D depends on the absolute value of the deuteron density. The spectrum of the US-on state then was fitted with a two-component function,
where λ off was fixed at the value obtained from Eq. (25) . From the fitting results, the yield ratio between the two phases, R S , can be approximated as
where the integration area is set to 10 s, which is equal to the length of the data acquisition cycle described in Sec. II B.
The yield ratios were calculated for measurements made at the standard incident energy, E d = 50 keV. We selected the average value, R S = 2.6, as the most probable value and adopted it for 30 E d 70 keV. The error will be discussed later.
On the other hand, R S can be expressed theoretically as
where C is the same as in Eq. (24) . The theoretical values for each γ are plotted as triangles in Fig. 13(b) . The cross point at which the experimental value agrees with the theoretical value, R S = 2.6 [dotted line in Fig. 13(b) ], is the best result.
The cross point appears at γ = 0.65. Consequently, we found that E target = 2959 ± 191 eV and C = 1.000 ± 0.004 was the best result, which is indicated in Fig. 13(a) by a solid line. Because the coefficient C is unity, the target density can be regarded as constant for both US-on and -off states. The velocity of deuterium in the bubble has a Maxwell distribution,
where v and k are the velocity and the Boltzmann constant, respectively. Only a small number of deuterons distributed around the foot of the function can affect the reaction cross section. Note that E target does not correspond to the average energy of the Maxwell distribution, 3kT /2. Rather, E target is defined as the energy that provides the average cross section. Therefore, E target can be converted to the temperature by using the equation
054620- 16 where v rel is the relative velocity between the beam and the target particles. The target energy E target = 2959 ± 191 eV corresponds to the temperature in the gas, kT d = 590 ± 54 eV, namely T d = 6.84 × 10 6 K. Here the order of the temperature, 10 6 K, is consistent with the value estimated from the kinematic analysis described in Sec. III B.
In the d + d reaction, the US-on/-off yield ratio depends strongly on the target condition and is broadly distributed. This uncertainty exceeds all other systematic errors. Here we assume that the total systematic error is expressed by the standard deviation of the US-on/-off yield ratio at the standard beam energy E d = 50 keV shown in Fig. 5 , namely ±0.20, without considering weights. The deuteron temperatures that can shift the data point by ±0.20 at E d = 50 keV are kT d = 133 and 1266 eV, which are indicated by dotted lines in Fig. 13(a) . Hence, we conclude that the deuteron temperature in the bubbles is kT d = 590 ± 54(sta.) +676 −457 (sys.). At this temperature, the reaction rate of the background events, which are defined as reactions other than those involving the beam particles (that is, bubble fusion), can be calculated by replacing the term σ v in Eq. (21) with the mean value of the Maxwell distribution σ v , which is expressed as
where μ, v, and E are the reduced mass, relative velocity, and energy in the center-of-mass system, respectively [1] . We obtain a value of σ v = 3.52 × 10 −27 (s/cm 3 ) when kT d = 590 eV. Here the bubble volume is finite, and only deuterons toward the center of the bubble can contribute to the reaction. We assume that particles moving toward the spherical area whose radius is defined by r/10, where r is the radius of the bubble, can collide with the high-temperature particles. The reason is that the typical radius ratio is R 0 /R m ∼ 10 in the SBSL system, where R 0 and R m are the initial and shrunken radii, respectively [22] [23] [24] 42 ]. The reaction rate is then estimated as R = 1.84 × 10 6 fusion/(cm 3 s), which corresponds to about 0.6 cps in this experimental setup.
The estimated reaction rate describes experimental results in which significant background counts could not be detected. However, it may be possible to count the background events during long-duration measurements. Furthermore, we can expect a valid number of counts in cases of strong enhancement, such as the run shown in Fig. 7 . This disagreement may be explained by a difference in the nucleus that can reduce the threshold pressure for bubble formation. The nucleus of the cavity generally consists of gas dissolved in liquid. When the liquid is irradiated by the beam, the incident particle can be regarded as an additional nucleus. In fact, the general effects of cosmic rays on the cavitation process have been considered [43] . Taleyarkhan et al. used neutrons or α rays as cavitation nuclei to induce bubble fusion [13] [14] [15] . They detected nuclear emission only when the liquid was irradiated by neutrons or α rays, and no significant signal was observed in the absence of radioactive rays. If the temperature in the bubble depends on the nucleus species, our experimental result that no significant events were observed in the beam-off condition is reasonable. Thus, our result agrees qualitatively with that reported by Taleyarkhan et al. When the screening effect acts as the enhancement mechanism, it influences all deuterons equally; hence, the predicted reaction rate becomes much higher. In contrast, the number of deuterons that can contribute to enhancing the reaction is limited in the high-temperature bubble model due to the momentum distribution. Although the solid line (hightemperature model) is almost equivalent to the dashed line (screening model) in Fig. 13(a) , the enhanced cross section drops dramatically at lower energies. Figure 14 shows the bare cross section and enhanced cross sections with U s = 2086 eV and kT d = 590 eV (dotted, dashed, and solid lines, respectively). Although the two enhanced lines are at almost the same level for 30 < E d < 70 keV, the solid line drops dramatically for E d < 2 keV and, finally, becomes lower than the dashed line for E d < 0.5 keV. Therefore, zero-energy reactions cannot be expected in the kinematically enhanced case.
VI. DISCUSSION
The estimated value of 10 6 K is an extremely high temperature relative to the liquid Li temperature of T ∼ 200
• C. The acoustic cavitation process is very complex, especially in multibubble systems, and its characteristics are not necessarily clear. High pressure and high temperature are certainly achieved in the cavity. However, the reported quantitative values exhibit a broad spread because they depend on shock wave formation. Whether a shock wave forms inside a contracting bubble is one of the principal fluid dynamics questions related to acoustic cavitation. Although conditions such as bubble size, US frequency, vibration amplitude, species of liquid, and liquid temperature influence the likelihood of shock wave formation, some researchers, including Taleyarkhan, support the occurrence of shock wave formation [22, 23, 29, 44] . The discussions in these previous studies are based on numerical simulations, and there has been no experimental evidence demonstrating shock wave formation until now. Almost all the earlier simulations assumed a single-bubble system for simplicity. In multibubble systems, such as the present experiment, the dynamics is much more complicated. Bubbles reflect the US waves, and the cycle of expansion and contraction generates a new US wave [13] . The bubble shape deviates from a sphere and the bubble diameter affects the inner temperature, which generally depends on the initial/final diameter ratio. In addition, the interaction between the bubbles, the Bjerknes force, further complicates the process [45] . Moreover, the change in the momentum of target deuterons in the bubble reflects multiple effects; thus, it is difficult to find clear signals in the micro time sequence spectra.
Here only the 2 H(d,p) 3 H reaction was enhanced, and the 6 Li(d,α) 4 He reaction was not, although the bubbles contained primarily both Li and 2 H targets. This indicates that the temperature of Li did not increase significantly in the bubble. [46] . If a bubble includes light and heavy elements, the lighter gas is segregated and pushed by the heavier gas to compress toward the center of the bubble. The temperature and pressure of the lighter gas increase selectively, and the heavier gas remains at a relatively low temperature. The temperature in the mixed-composition bubble becomes much higher than that in a pure gas bubble due to the pressure effect. In their simulations, the lighter gas, He, reaches a maximum temperature of 10 6 -10 8 K. The composition ratio plays an important role when a smaller percentage of the lighter gas achieves a higher temperature. Since the N2 H /N Li ratio is on the order of 0.01% in our experiment, a quite high deuteron temperature can be expected. Their result agrees with our experimental result that d + d fusion (involving the lighter target, 2 H) was accelerated, whereas Li + d fusion (involving the heavier target, Li) was not enhanced. Furthermore, the calculated temperature of the lighter gas was qualitatively equivalent to the experimental value for deuterons, T d = 6.84 × 10 6 K.
VII. CONCLUSION
We developed a new US system to produce Li acoustic cavitation in a vacuum chamber. Any impurity whose melting point was higher than the temperature of Li was removed so a completely clean surface condition could be obtained. Thus, the material uncertainties that have been noted [11] were removed, and accurate results were obtained. The 6 Li(d,α) 4 He and 2 H(d,p) 3 H fusion reactions were measured during lowenergy deuteron bombardment of a clear liquid Li target in the US-on/-off states. This is the first time that acoustic cavitation was applied to a nuclear experiment target and the first screening potential measurement in a liquid metal.
The Li + d reaction has never before been ultrasonically enhanced under all experimental conditions used in this study. An additional screening effect cannot be generated during the liquid-to-gas phase transition because the Li atoms are already dissociated into Li + and e − in the liquid phase. The derived screening potential of the 6 Li(d,α) 4 He reaction in the liquid Li and acoustic cavitation environments is U s = 543 ± 38(sta.) +83 −153 (sys.) eV. This value can be explained by ionic Debye screening, which predicts that U s = 639 eV under the experimental conditions. The anomalously large screening potential that has been reported for solid metal targets [40] was not observed in the liquid metal target. Therefore, the anomalous screening effect may be peculiar to the solid-state environment.
The d + d reaction yield in the US-on state was always higher than that in the US-off state. Although the US effect depends strongly on the target condition, strong enhancement of the d + d reaction can be induced by acoustic cavitation. Strong enhancement (US-on/-off yield ratio of more than 2.0) has seldom been observed; thus, the experimental conditions that can induce such a high yield ratio are unknown. In the most strongly enhanced case, a meaningful kinematic peak shift was observed, providing evidence of a high deuteron temperature in the cavity. The numerically simulated spectrum demonstrated good agreement with the experimental peak structure. The estimated deuteron temperature in the cavities was on the order of 10 6 K. The time correlation analyses (NHPP analyses) indicate that the reaction rate is at least time dependent.
The energy dependence of the US-on/-off yield ratio was measured under relatively stable conditions. The yield ratio exhibited an obvious energy dependence and increased at low incident energy. One possible explanation is the high deuteron temperature in the bubble. Under several assumptions, we selfconsistently evaluated three unknown factors: the deuteron temperature in the bubble, percentage of the gas phase at the surface, and change in deuteron density due to acoustic cavitation. Considering the gas/liquid yield ratio obtained from the macro time sequence information, the experimental and theoretical values agree when the percentage of the gas phase at the Li surface is 65%. The estimated deuteron temperature in the bubbles is then kT d = 590 ± 54(sta.) +676 −457 (sys.) eV, namely T d = 6.84 × 10 6 K. This result is consistent with the value estimated from the kinematic analysis.
Although the d + d reaction is enhanced because of the high temperature, the yield of the Li + d reaction is almost constant. This result indicates a temperature difference in the cavity: the deuteron temperature is much higher than the Li temperature. A numerical simulation [46] that calculated the molecular dynamics of bubbles consisting of a heavy and a light gas, however, agrees qualitatively with our results. An estimation of the background radiation indicates that only bubbles on which the beam particles are incident may reach such high temperatures.
The temperature in the bubbles, kT d = 590 eV, is extremely high compared to the liquid Li temperature of T ∼ 200
• C. Such a high temperature can never be achieved without shock wave formation in the bubble, as predicted by earlier works [22, 23] . This study is the first approach for estimating the bubble temperature by applying nuclear reactions. The present techniques provided a new method for measuring temperature in an optically opaque plasma core.
Although no meaningful bubble fusion events were observed in the present study, the experimental results obviously demonstrate the possibility of strong reaction enhancement.
